Abstract. The highest precision in the determination of nuclear and atomic masses can be achieved by Penning trap mass spectrometry. The mass value is obtained through a measurement of the cyclotron frequency of the stored charged particle. Two different approaches are used at the Penning trap mass spectrometer Triga-Trap for the mass determination: the destructive Time-Of-Flight Ion Cyclotron Resonance (Tof-Icr) technique and the non-destructive Fourier Transform Ion Cyclotron Resonance (Ft-Icr) method. New developments for both techniques are described, which will improve the detection efficiency and the suppression of contaminations in the case of Tof-Icr. The Ft-Icr detection systems will allow for the investigation of an incoming ion bunch from a radioactive-beam facility on the one hand, and for the detection of a single singly charged ion in the Penning trap on the other hand.
Introduction
High-precision mass measurements are relevant to many fields in physics. The required mass uncertainties δm/m range from 10 −6 to below 10 −11 , depending on the application [1] . The highest precision in mass measurements is presently obtained with Penning traps, where a charged particle is stored in a superposition of a strong homogeneous magnetic field and a weak electric quadrupole field. The motion of an ion inside a Penning trap is well understood [2] . It consists of two radial eigenmotions, the modified cyclotron and the magnetron motion with corresponding eigenfrequencies (ν + , ν − ), and an axial oscillation (ν z ). From an independent measurement of these eigenfrequencies the cyclotron frequency
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can be extracted by means of the invariance theorem [3] 
which can be simplified for an ideal Penning trap to the relation ν c = ν + + ν − . Here, q denotes the charge state, m the mass of the stored particle, and B the magnetic field. There are presently two techniques to determine the cylotron frequency in a Penning trap: for very short-lived radionuclides with half-lives down to 10 ms [4] and production rates of only 100 ions/s [5] , the time-of-flight ion cyclotron resonance (Tof-Icr) method [6, 7] is widely used [1, 8] . The ions in the trap, which move on a defined magnetron orbit, are excited by a quadrupolar rf field at frequency ν rf in the plane perpendicular to the magnetic field direction. Thereby, the two radial eigenmotions are coupled, in case ν rf = ν + + ν − . Since ν + ν − , the radial energy is mainly determined by the modified cyclotron motion. After excitation, the ions are ejected out of the trap and reach a particle detector outside the strong B field after they passed the gradient of the magnetic field. Thereby, the radial energy is transformed into axial energy and the time of flight from the trap to the detector has a minimum for a resonant excitation at ν rf = ν c . Typically, at least 100 ions are needed for a single resonance. For the application of this method, highly efficient particle detectors are needed. In the past, mainly micro-channel plates (MCP) [9] have been used, which can have a comparably large detection surface. However, only a fraction of about 60% is sensitive to incoming ions due to the channel structure of this detector type. Thus, the detection efficiency is already limited. A detector setup has recently been introduced at ISOLTRAP [10] allowing the use of either an MCP or a channeltron electron multiplier (CEM) [11] . The channeltron reaches almost hundred percent detection efficiency with a conversion dynode. Secondary electron multipliers are limited by the incoming beam current, i.e. the number of ions in a certain pulse length [12, 13] . In typical applications the detector has to be operated at beam currents below 10 pA to avoid saturation, corresponding to about 100 ions in a 1 μs pulse.
A crucial point in Tof-Icr measurements is the identification of events that contain contaminations. Unresolved isobaric or isomeric contaminants cause systematic shifts in the cyclotron frequency of the nuclide of interest [7, 14] . A typical ratio between wanted and unwanted species in the precision trap that can be still handled by further cleaning in a Tof-Icr measurement is about 1:1. Recently, a position-resolving MCP detector has been applied for the first time as a time-of-flight detector. Simulations and first tests showed that the position information on the detector can be used to identify the contaminations in the resonance spectrum [15] . This information can be used to reject all events with contaminants present in the trap. Another field of application for the position information is the identification of isomeric states.
A non-destructive detection method based on the image currents of ions in the trap electrodes is known as Ft-Icr [16] . This technique is a standard method in analytical chemistry to investigate large ion clouds with typically 1000 or more ions with a comparably low, i.e. ppm, precision. Ft-Icr detection is also used at high-precision mass spectrometers for stable isotopes, e.g. Mit-Trap (now: FSU, Tallahassee, Florida, USA) [17, 18] and the Uw-Mpik-Ptms (Washington, USA, now: MPI-K, Heidelberg, Germany) [19, 20] , and in Penning trap facilites to determine magnetic moments [21, 22] . In the field of highprecision mass measurements on short-lived radionuclides, some of the interesting nuclides have only very low production rates in radioactive-beam facilities, sometimes less than one per minute. In these cases, single-ion sensitivity is needed which can only be reached by the narrow-band Ft-Icr. In order to get a sufficiently long transient a minimum half-life of about 1 s of the ion is required. Especially superheavy nuclides often provide both low production rates and comparably long half-lives. While the time for a Tof-Icr resonance would extend to more than a day due to the low production rates and the need for a repeated loading of the trap, a resonant Ft-Icr pick-up needs only a single ion to determine the cyclotron frequency, assuming sufficient storage time is possible for the given half-life. Moreover, a broad-band version of this technique can be applied to investigate the ion cloud coming from an online source and to identify contaminants, which can then be cleaned away by mass-selective excitation.
The mentioned techniques will be implemented at the Triga-Trap double-Penning trap mass spectrometer [23] recently installed at the research reactor Triga Mainz (Germany) [24] . This setup serves as a test bench for the new methods that will be applied to other on-line mass spectrometers like Shiptrap (GSI, Darmstadt, Germany) [25] . Moreover, samples of actinide elements like 254 Cf produced off-line can be investigated, which are ideal test candidates on the way to transactinide nuclides (Z ≥ 104) as produced by Ship (GSI) [26] . The Penning trap setup will later be also coupled to the Triga reactor to investigate neutron-rich fission products. In the following, the development of the different detection techniques at Triga-Trap will be discussed.
Detectors for time-of-flight ion cyclotron resonance measurements
The work at Triga-Trap focuses on two points concerning the optimization of charged-particle detectors for Tof-Icr mass measurements: i) the detection efficiency should be optimized to reach a value close to 100%, and ii) the position information of the particle on the detector should be utilized as an additional criterion to identify contaminants. Both approaches will pave the way for time-of-flight mass measurements on radionuclides with production rates of about 1 particle per second, even if a large background of contaminations is present.
Micro-channel plate and channeltron
MCP and CEM are commonly used for the ion detection, which are both based on the read-out of secondary electron avalanches triggered by charged particles. MCPs consist of many channels arranged in a honeycomb structure. At Triga-Trap the MCP for the time-of-flight detection has been chosen with a diameter such that it covers the complete cross-section of the drift tubes from the Penning trap to the detector. The drawback of MCP detectors is the comparably low efficiency for low-energy ion beams. A typical value is about 30-50% for ion impact energies around 2 keV [27] . However, for higher ion impact energies (≈ 4-6 keV) MCPs can reach detection efficiencies of 60-86% [28, 29] .
A CEM with conversion dynode has been recently introduced at the Penning trap mass spectrometer Isoltrap (Isolde, CERN) [11] . This type of CEM is mounted off-axis to the incoming ion beam so that neutral particles cannot reach the detector. The dynode is used to convert the incoming ion beam into electrons with a conversion efficiency of almost 100%. The electron energy can be easily tuned by the potential difference applied between the dynode and the front surface of the CEM detector. Thereby, the total detection efficiency of this type of detector is ≥ 90% independent from the energy of the incoming ions. At Triga-Trap, a combined setup including both ion detectors (MCP and CEM) similar to Isoltrap will be used for the time-of-flight measurement allowing for a fast exchange during a run. The detection efficiencies have been compared using a pulsed ion beam with a fixed number of ions per pulse [11] . This test showed an efficiency gain of a factor of > 3 for a CEM with conversion dynode in comparison to an MCP for ions in the low-energy range (≤ 100 eV). In this measurement, the MCP was operated at a front voltage of −2.1 kV and the CEM at −2 kV with the conversion dynode at −4 kV. Therefore, the ion impact energy in case of the MCP and the electron impact energy for the CEM were about 2 keV. These are typical operation parameters in Tof-Icr setups.
Position-resolving ion detection
So far, only the time-of-flight information has been used for Tof-Icr measurements. Recently, a position-resolving MCP has been introduced to obtain the coordinates of the ion impact on the detector surface [15] . Compared to a standard MCP, the anode is replaced by a delay line wire grid. This grid is formed by two coils with axes perpendicular to each other but parallel to the detector surface. An incident particle triggers a secondary electron avalanche in the channels at the impact point. These avalanches proceed to the delay line grid and cause an electric current moving on each of the coils to both wire ends. The position information is determined by the time difference of the arrival of the current signal on the different ends and the signal progressing velocity parallel to the detector surface. With the commercial detector DLD40 from RoentDek in use at Triga-Trap a spatial resolution of about 70 μm can be achieved [30] .
Simulations show that the position of an ion in the trap corresponds to a specified impact position on the detector. Thereby, the radial ion motion in the Penning trap can be monitored in a Tof-Icr measurement (see fig. 1 ). As already mentioned, the Tof-Icr method is based on the determination of the cyclotron frequency by observing the ions' time of flight as a function of the excitation frequency [6, 7] . The stored ions are first excited at the almost mass-independent magnetron frequency ν − , to increase the magnetron radius ρ − for all ions present in the trap, prior to the coupling of the two radial eigenmotions by the quadrupolar field with the frequency ν rf = ν c . The latter leads to a periodic conversion between magnetron and cyclotron motion for the ion species in resonance with ν rf . After a full conversion, ρ − is zero but the cyclotron radius ρ + is now as large as the inital ρ − . Due to the high frequency ν + the ions are equally distributed over all cyclotron phases by the ejection pulse, which is in the order of a few micro-seconds. By imaging the ion position in the trap on the position-resolving time-of-flight detector for several ejection pulses, the non-excited ions should form a single spot corresponding to the phase-locked magnetron motion, whereas the excited ones distribute over a circle corresponding to the cyclotron radius ρ + . Therefore, contaminations which did not get excited in their motional amplitudes can be identified and removed from the TofIcr spectrum. This is of particular interest in cases where isobaric or isomeric contaminations are as abundant in the Penning trap as the ions of interest. Systematic shifts in the determined cyclotron frequency would result in case all ions in a pulse with a contaminant in the trap would not be rejected.
The capability of the position-resolving MCP detector to monitor the ion position in the Penning trap and to identify contaminations has been demonstrated in offline experiments at the Shiptrap facility [15] . The two isotopes 85 Rb and 87 Rb (relative abundance about 2.5:1) from a surface ion source have been used in a Tof-Icr measurement at the cyclotron frequency of 87 Rb + as described above after they have been prepared with zero magnetron radius. Figure 2 shows the results: the excited ions (in this case 87 Rb + ) occupy a cyclotron orbit, whereas the non-excited ions ( 85 Rb + ) stay in their magnetron motion, which is visible as a single spot on the detector plane. A measure for the quality of a time-of-flight resonance is the contrast
where (t exc , σ exc ) are the mean time of flight and the standard deviation for the excited ions, and (t nonexc , σ nonexc ) for the non-excited ions, respectively. The mean time of flight for all recorded events in this figure is t = (67.3 ± 6.3) μs. Without the position information, this would be taken for (t exc , σ exc ). All events within the detector area selected by the box have t = (71.1 ± 2.3) μs corresponding to (t nonexc , σ nonexc ). Taking the position information into account, the distribution of the excited ions outside the box leads to t = (61.1 ± 5.8) μs. In this special case, the time-of-flight contrast in resonance for the excited 87 Rb + ions could be improved by a factor of 3.
Non-destructive ion detection: FT-ICR
A limiting factor for Tof-Icr mass measurements is the production rate of the nuclide of interest at radioactivebeam facilities. Especially in the region of heavy and superheavy elements, some nuclides can only be produced at a rate of one per minute or even less. Taking the typical total efficiency of an on-line Penning trap mass spectrometer into account which is in the order of 1-5%, this leads to less than one detected event per hour. A typical minimum number of ions required for a single Tof-Icr mass measurement is about 100. Measurement runs over several days needed in this case to acquire the statistics are not feasible due to long-term drifts and fluctuations of the magnetic field and the electric potentials. At this point, the non-destructive Ft-Icr detection technique can be applied. Among the actinide and transactinide nuclides, some species yield rather long half-lives which are in the order of a few seconds or even longer. This enables single-ion measurements as well as repeated measurement cycles with the same trap content to improve the statistics. Ft-Icr is based on the detection of the image current induced by the ions in the trap electrodes [16] . The statistical uncertainty of the mass value in an Ft-Icr measurement is given by
where ν c denotes the cyclotron frequency of the ion, T is the observation time, and N the number of recorded transients. The expression has been originally derived for
Tof-Icr resonances in [31] . For a typical cyclotron frequency of 1 MHz, an observation time of 1 s, and 10 transients, the uncertainty would be a few times 10 −7 . The transient length and the number of transients are strongly limited by the half-life and the production rate of the ion of interest, respectively. There are many detection schemes possible focussing on the different eigenfrequencies. At Triga-Trap, the ring electrodes of both Penning traps are four-fold segmented with two 40
• segments for the excitation and two 140
• segments for the detection of the image current signal. In the following, two different approaches of the further signal processing are discussed.
Broad-band FT-ICR
The purification trap of Triga-Trap is a cylindrical Penning trap used for buffer gas cooling and isobaric separation [32] . Therefore, the ion bunch coming from the ion source is stored and mass independently excited to a larger magnetron radius. In the next step, a quadrupolar rf field at the true cyclotron frequency of the ions of interest is applied to convert the magnetron motion into cyclotron motion similar to the excitation for a Tof-Icr measurement. The buffer gas causes the cyclotron radius to decrease very fast, whereas the ions in the magnetron motion stay on their orbit. This is due to the much lower collison rate in the low-frequency magnetron motion. Only the centered ions can pass an orifice behind the trap leading to a mass-selective ion ejection. To investigate the composition of the ion cloud coming from the source, this procedure has to be repeated while scanning the cyclotron excitation frequency.
A more elegant way to obtain information on the ion species present in the cloud is the broad-band Ft-Icr technique. At Triga-Trap the two larger segments of the ring electrode will be used for the image current detection (see fig. 3(a) ). The image current generates a voltage drop across the parasitic capacitance of the trap electrodes, which is amplified. A spectrum analyzer performs the fast Fourier transformation (FFT) revealing the frequency information. The buffer gas pressure in the purification trap of about 10 −6 mbar limits the sampling time for each transient to about 10 ms. Therefore, the resolving power is ≤ 10 4 for an ion frequency of 1 MHz. Several commercial amplifiers have been tested for this purpose concerning noise properties and input capacitance as well as input resistance. Broad-band Ft-Icr has several demands on the amplifiers to be used: a high input resistance ensures a flat frequency response of the circuit. The input capacitance adds to the parasitic capacitance of the trap electrodes and the wires.
Two amplifiers seem to meet the requirements best and will be tested in the Triga-Trap setup: the Stanford Research Systems SR560 [33] has a voltage noise of about 4 nV/ √ Hz in the frequency range from 0.1-1 MHz and a current noise of about 2 pA/ √ Hz at a gain of 1000 and a frequency of 100 kHz. The input capacitance has been determined to be in the order of 50 pF, the input resistance is 100 MΩ. This device has two channels which can be also used in differential mode. The other candidate is the SA-220F5 from NF [34] with a voltage noise of only 0.4 nV/ √ Hz in the frequency range from 10 kHz-10 MHz and a current noise of 68 fA/ √ Hz at 500 kHz. The input capacitance was determined to be 65 pF and the input resistance 1 MΩ.
As an example the signal-to-noise ratio for the SA-220F5 calculated with the test results given above is shown as a function of the frequency in fig. 4 . For the signal amplitude, a coherent motion of N = 1000 ions in the modified cyclotron degree of freedom has been assumed. The ratio between the radius of the ion orbit and the char- acteristic trap dimension is ρ + /d = 0.05. For a totally incoherent motion, the signal-to-noise ratio is lower by a factor of √ N . The frequency dependence for the SR560 is similar, but the absolute signal-to-noise ratio is about a factor of 10 less.
To improve the signal-to-noise ratio even further, a cryogenic amplifier is currently being tested off-line, which will be operated close to the purification trap in a 77 K environment.
Single-ion sensitivity
Single-ion sensitivity enables the measurement of a full frequency spectrum with a single ion. Moreover, repeated measurements on the same stored singly charged ion will become possible at Triga-Trap to accumulate the statistics. For this purpose a narrow-band Ft-Icr detection system has been developed.
The aim of this image current detection is to improve the signal-to-noise ratio by reducing the detection bandwidth to a narrow window centered around the ion motion frequency. At Triga-Trap, a superconducting NbTi coil is connected to the two larger segments of the ring electrode of the precision trap (see fig. 3(b) ), which forms an LC resonance circuit in combination with the parasitic capacitance of the detection electrodes and the wire. The quality factor Q, defined as the ratio between the center frequency and the width at 3 dB from the maximum, is about 15000 in the unloaded case. The helical coil is cooled to 4.2 K in a liquid-helium cryostat outside the magnet housing the Penning traps, which are at 77 K. This arrangement is a compromise due to the limited diameter of the room temperature bore of the superconducting magnet and the required possibility of ion injection and ejection for simultaneous Tof-Icr measurements. Due to vacuum feedthroughs and the circuit needed to tune the resonance frequency, the Q-value decreases to about 1000 when the coil is connected to the trap (see fig. 5 ). The inductivity of the coil is (337 ± 6) μH leading to a resonance frequency in the order of 1.2 MHz, which can be tuned to match the two stable rubidium isotopes 85 Rb and 87 Rb for first tests. The signal-to-noise ratio at the coil is given by
where
is the induced ion current [35] with the radius ρ + and the frequency ν + of the modified cyclotron motion. D is the effective distance between the ring segments used for the detection, G cryo the gain of the cryogenic amplifier attached to the coil, T the temperature of the circuit, u cryo and u rt are the voltage noise densities for the cryogenic and the first room temperature amplifiers. γ = k×N 2 /N 1 × l 1 /l 2 is composed of the winding ratio (N 1 /N 2 ), the length ratio l 1 /l 2 , and the coupling k between the primary and secondary side of the coil;
is the effective parallel resistance given by the total capacitance C of the circuit attached to the primary side of the coil and the input resistance R cryo of the cryogenic amplifier. Δν denotes the detection bandwidth. Presently, we are constructing another superconducting coil for the detection of actinide ions. With this coil a signal-to-noise ratio of about 2-5 is estimated for a single singly charged ion of mass A = 250 u. The Ft-Icr signal will be coupled to a 4.2 K amplifier via a secondary winding of the superconducting coil. Two room temperature circuits with operational amplifiers with a total gain of about 4.5 × 10 5 will also be used. The signal will be band-pass filtered and heterodyned prior to the transient recording by a NI PCI-4551 card from National Instruments.
Conclusions
Penning trap mass spectrometry faces new challenges when exploring the transactinides and the nuclides far away from stability. A number of isotopes of heavy and superheavy elements have rather long half-lives in the order of seconds or longer. In these cases, the new developments concerning non-destructive ion detection at Triga-Trap will help to overcome the limit of very low production rates by enabling single-ion sensitivity and repeated measurements on the same stored ion. For very short-lived nuclides, the Tof-Icr method is still the tool of choice since the measurement cycle is fast enough to deal with the short half-lives. The position-resolving time-of-flight detection improves the selectivity of this technique concerning further suppression of background events. The methods and techniques discussed here will be first applied and tested at the Triga-Trap Penning trap mass spectrometer in Mainz, prior to an implementation at other facilities like Shiptrap.
